Abstract. This paper provides a short review of some of the basic concepts related to the origin of coronal mass ejections (CMEs). The various ideas which have been put forward to explain the initiation of CMEs are categorized in terms of whether they are force-free or non-force-free and ideal or nonideal. A few representative models of each category are examined to illustrate the principles involved. At the present time there is no model which is sufficiently developed to aid forecasters in their efforts to predict CMEs, but given the current pace of research, this situation could improve dramatically in the near future.
Here we will use the term "CME" to indicate the entire process that leads to the ejection of mass and magnetic flux into interplanetary space. Traditionally, observers have defined a CME as the outward traveling bright arc seen in coronagraphs ( 
that appear behind this arc are not considered as the CME even though they are associated with it. The bright arc is thought to result from the pileup of the helmet streamer which typically overlies the erupting region [Hundhausen, 1988; Low, 1996] , but most of the models we discuss here do not include a helmet streamer.
Since there is no feature in these models which can be associated with the bright arc, they are not models of CMEs according to the standard definition of many observers. However, for a general theoretical discussion we need to have a term which refers not just to an isolated feature seen by a particular instrument but to the underlying physical reality of the entire phenomenon. Already many researchers use the term CME in just this way. Even though this creates a certain degree of confusion, it is natural for the definition of a phenomenon to evolve from one that is based purely on observational aspects to one that is based on an understanding of the physical phenomenon itself. CMEs constitute large-scale ejections of mass and magnetic flux from the lower corona into the interplanetary medium. Measurements from spacecraft and coronagraphs show that a typ-underneath the UV loops, and it is generally accepted that they are formed from the hot loops by a thermal condensation process [Parker, 1953; Cox, 1972] . The outermost edge of the hot X-ray loops maps to the outer edge of the ribbons [Schmieder et al., 1996] , while the innermost edge of the cool Hot loops maps to the inner edge of the ribbons [Rust and Bar, 1973] . During the course of the flare the separation between the ribbons increases, and both hot and cool loops appear to grow larger with time. Figure 2 shows the temporal behavior at various wavelengths for a very large flare which occurred on August 28, 1966. This event had intense Hot, X-ray, and radio emissions, and it produced a high-speed shock wave which manifested itself in the chromosphere as a "Morton wave." The Morton wave is thought to be the chromospheric footprint of a fast mode MHD shock in the corona, and it is caused by a slight disturbance of the chromosphere at the location where the fast mode wave intersects the solar surface [Dodson and Hedeman, 1968; Zirin and Lacknet, 1969; Uchida, 1970 Uchida, , 1974 .
The Hot emission in Figure 2a comes from the two chromospheric ribbons whose appearance is the classical signature of flare onset. The Hot emission becomes quite intense within 5 min after onset but takes a long time to decay. Even after 6 hours, it still exceeds the preflare emission by almost a factor of 2. During the rapid rise phase of the Hot emission the flare ribbons move apart at a rate of more than 100 km s -1, but as soon as the peak is reached, they quickly slow to a speed of the order of 4 km s -1. An event of this type, lasting for many hours, is known as a "Long Duration Event" or LDE, for short. To the extent that it can be determined with imperfect observations, LDEs are always associated with a CME.
The soft X rays, which are thermal in origin, are produced by the hot > 107 K flare loops whose footpoints map to the Hot rib- More than half of all CMEs are associated with the eruption of prominences. Large quiescent prominences which exist outside of active regions can be quite spectacular when they erupt, as shown in Figure lb , and they nearly always create a CME. However, the much smaller prominences that exist within active regions can also erupt, usually in association with flares, but it is not known how well they correlate with CMEs. In many cases these small prominences are difficult to identify, and their fate is often difficult to determine.
As observations have improved, it has become increasingly clear that erupting prominences outside active regions have many features typical of large flares. Like large flares, erupting prominences produce loops and ribbons which move apart in time, but unlike large flares, the ribbons are usually too faint to be seen in Ha. However, the ribbons can often be seen in the He 10830 A line, which is a more sensitive indicator of chromospheric excitation [Harvey and Recely, 1984] . The eruption of a large quiescent prominence does not usually produce significant hard X-ray or y-ray emissions, probably because it occurs in a region where the field is relatively weak (< 10 G).
High-resolution images obtained by the soft X-ray telescope photosphere is weakly ionized, having less than 10 --4 charged car- A related flux injection model has been proposed by Chen [1989] which impulsively injects magnetic flux and power from the convection zone into the corona at CME onset. This model requires a rapid increase in the magnetic energy of the corona during the eruption, rather than a decrease as in the storage models, and it does not address the reason why the convection zone should suddenly inject flux into the corona. An analysis by McClymont and Fisher [ 1989] finds that the flux injection model requires large-scale horizontal motions that are not consistent with those that are observed. Although the photosphere is only weakly ionized, it is still an excellent conductor, and field lines there are frozen to the plasma. Thus any sudden injection of flux from the convection zone to the corona must necessarily move the photospheric plasma.
Models based on the storage of magnetic energy prior to CME onset also transfer energy from the convective zone to the corona, but this process occurs over a long time period of the order of hours to days prior to the CME. The photospheric motions are directly observed, while the buildup of current which results from them can be inferred from vector magnetograms and changes in field-aligned plasma structures (e.g., filaments and fibrils). How much energy is required to drive a CME can be discerned from Table 1 , which shows the estimated energy output of a very fast CME of moderately large size (values are from Canfield et
Energetics
When CMEs were first clearly identified by Skylab in 1973, many researchers assumed that they were caused by the outward expansion of hot plasma produced by a large flare. We now know that this is not the case, for several reasons. First, less than 20% of all CMEs are associated with large flares [Gosling, 1993] At the present time, the most generally accepted explanation for the cause of CMEs is that they are produced by a loss of stability or equilibrium of the coronal magnetic field [cf. Low, 1996] . The continual emergence of new flux from the convection zone and the shuffling of the footpoints of closed coronal field lines cause stresses to build up in the coronal field. Eventually, these stresses exceed a threshold beyond which a stable equilibrium cannot be maintained, and the field erupts. The eruption releases the magnetic energy stored in the fields associated with coronal currents, so models based on this mechanism can be thought of as "storage models." 
Origin of the Fields and Currents
The magnetic fields observed at the photosphere are quite complex, and the areas that eventually generate CMEs do not necessarily include active regions containing sunspots and strong magnetic fields. The coronal field that erupts outward during a CME has its origin in the Sun's magnetic dynamo region, which is thought to be located at the base of the convection zone (see Glatzmaier [ 1985] for references). Although many aspects of the dynamo region remain poorly understood, there is a consensus among researchers that it leads to the formation of large magnetic flux ropes that rise to the surface of the Sun because of magnetic buoyancy [Browning and Priest, 1986; Low, 1996] . As the flux ropes rise, they expand and are disrupted by the turbulent flow in which they are imbedded, so that much of the magnetic field persuasively that the region of strong magnetic field within the flux rope should be identified with the dark cavity that is typically observed both before and after the onset of a CME (see Figures 1 a and 3) .
Perhaps the most important quantity to consider for any storage model is the coronal current density in the preeruptive configuration. The distribution of the current density determines how much energy is stored and whether or not the field is stable. Unfortunately, because the current density is the derivative of the magnetic field, it is even more difficult to measure accurately than the field itself.
As for the origin of the current density, there are essentially two possibilities: One is that it is created by the observed surface flows which stress the field. The other is that the current density is transported along with the field as it emerges from the convection zone [Low, 1996] . It is not always easy to distinguish between these two processes since the motion of the photospheric footpoints of the field line may be part of the emergence process. Many storage models assume that the corona is initially currentfree and that the buildup of magnetic energy is entirely due to stressing of the coronal field by the observed photospheric motions. These motions are of the order of 1 km s -l or less, and 
Illustrative Models
In this section we discuss some representative models which are all based on the principle that CMEs are powered by the sudden release of magnetic energy stored in the corona. Four different classes of models can be distinguished: First is a class of force-free models which attempt to explain the eruption solely in terms of an ideal MHD process. Second is a class of models that invoke resistive MHD processes such as magnetic reconnection to trigger the eruption. Third is a class of hybrid models which initiate the eruption by a purely ideal MHD process but require the nonideal process of magnetic reconnection in order to sustain the eruption. Finally is a fourth class of models which supposes that the small deviations from a completely force-free field, caused by gravity or gas pressure, may play a significant role in the initiation of an eruption.
Ideal MHD Models
The class of ideal MHD models deals with processes that require no dissipation or diffusion of the magnetic field to operate. Although a dissipative process like reconnection may occur, it is assumed to play no role in the eruption of the field. Models of this type are severely restricted by the Aly-Sturrock constraint discussed in section 2, namely, that a completely opened magnetic field always has a higher magnetic energy than the corresponding closed state. However, one way around this constraint is to suppose that during a CME eruption only a portion of the total field is opened, while the remainder remains closed [Wolfson, 1993 This force is due to the inertial line-tying at the photosphere, and it is sometimes referred to as the diamagnetic force [Yeh, 1983] . The second is the curvature force caused by the pinching of poloidal field at the inner edge of the curved flux rope [Shafranov, 1966] . Of these two forces, the curvature force is the more important because it acts over a much longer range than the The quasi-static evolution in Figures 9 and 10 before eruption occurs is accomplished in a highly idealized manner by reducing the strength of the photospheric field (in this case a simple Suncentered dipole). This reduction requires the footpoints of field lines in the Northern and Southern Hemispheres to migrate toward the equator and reconnect so that the work done in moving these footpoints is transferred to the coronal currents via a Poynting flux. Although colliding polarities which reconnect might conceivably be a source of some eruptions [Zirin, 1988] , any photospheric boundary condition which changes the relative strength of the repulsive and attractive forces acting on the flux rope will suffice. For example, in the two-dimensional analysis by Forbes and Priest [ 1995] a loss of equilibrium is triggered by simply moving the photospheric sources closer to one another without reconnection or a reduction of the photospheric field.
Because of the assumed symmetry, the flux rope in Figure 9 is a toms which encircles the Sun, and thus it contains field lines 23,161 Whether the catastrophic process which creates the current sheet will still work when the ends of the flux rope are tied to the photosphere remains an unanswered question. However, it is likely that it will for the following reason: When the ends of the flux rope are tied, an upward displacement of a middle portion of the flux rope constitutes an ideal MHD kink. Thus the relevant question to consider is whether the configuration can become kink unstable. Since the kink instability is an inherently threedimensional process, it can be quite difficult to obtain stability criteria for it in a complex configuration involving a curved flux rope, a line-tying boundary, and a nonuniform external field. In the absence of line-tying or external fields, a straight flux rope is always unstable no matter what the current distribution is inside it [Anzer, 1968] . A straight, isolated flux rope of finite length can be stabilized by anchoring its ends at fixed boundaries but only if the twist is less than a critical value [Hood and Priest, 1981 ] . For a force-free flux rope with a uniform twist the critical value is 3.3 •r corresponding to 1.7 turns of the flux rope between the two boundaries [Hood and Priest, 1979] , but this number may be higher or lower depending on the distribution of current within the flux rope.
If the flux rope is twisted beyond the critical number of turns, it becomes unstable and dynamically jumps to a lower energy state [Arber et al., 1999] Even if it should turn out that a simple curved flux rope cannot produce a realistic eruption, there are other closely related configurations that may be able to do so. Low [1998, 2000] have shown that the overall appearance of CMEs both before and after eruption can be modeled quite well using the same type of force-free fields as occurs in spheromaks, but the equilibrium and stability properties of these fields in the presence of a line-tying surface remain to be determined.
Non-Force-Free Models
The restriction imposed by the Aly-Sturrock constraint can be sidestepped if the initial configuration is not force-free. It is generally supposed that the coronal magnetic field is nearly forcefree because of the dominance of the magnetic energy over all other forms (see Table 2 ), but it is possible that small deviations from a purely force-free field might play a role in triggering an eruption.
Low [1999] has pointed out that total magnetic energy in the corona can be expressed as If the gravitational and thermal energy are ignored, the field is force-free, and the magnetic energy is given entirely in terms of an integral over the components of the surface field. From the form of the integrand one sees that the value of this integral has an upper bound given by integrating over the radial component Br. Since the line-tying of the field at the surface makes B r invariant there, the amount of total magnetic energy must be less than that obtained by integrating the radial component of the potential field over all space. In other words, the maximum total magnetic energy of a force-free field in the corona cannot be more than about double that of the potential field, one of Aly's results (see section 2).
If gravity is important but pressure is not, then the magnetic field is no longer force-free, and it is possible to increase the magnetic energy stored in the corona above its force-free limit by an amount equal to the gravitational potential energy: Ji• pGMo dV-GMcMo ß r go where M c is the coronal mass supported by the field. This gravitational energy is essentially the same as that listed in Table 1 , but it is a factor of Ro/h (-7) greater than that considered in Table  2 , which is the energy gained if an object falls to the surface from a coronal scale height h rather than infinity. Thus the gravitational energy could allow the stored magnetic energy to exceed its maximum force-free value by as much as 10%. Some of the cool plasma in an erupting prominence is often seen to fall back to the surface, which suggests that a CME might be triggered if the magnetic field slowly evolves to a critical point where it can no longer support the prominence [Low, 1999] . In other words, the weight of the prominence acts as a lid which allows the magnetic energy to increase above the open limit, and when the lid is suddenly removed, the field springs outward. Even if the draining of the material is not sufficient to open the field, it could, nevertheless, lead to the formation of a current sheet. However, many CMEs do not appear to contain any prominence material, so it seems unlikely that such a mechanism could account for all CMEs.
The effects of both pressure and gravity have been considered by Low and Smith [ 1993] , Wolfson and Dlamini [ 1997] , and Wolfson and Saran [ 1998] . As can be seen from the virial theorem, pressure reduces the magnetic energy that can be stored in the corona, but unlike gravity, pressure can itself propel material outward given the appropriate gradient. However, the problem still remains that the thermal energy density associated with pressure in the lower corona is so small that it is difficult for it to have a significant effect.
Summary
Many models have been developed to explain the appearance or propagation of CMEs, but very few have been developed which really explain the exact nature of the mechanism (or mechanisms) which triggers them. For example, several of the models we have discussed here propose that CMEs are triggered by the onset of a micro-instability which leads to a sudden enhancement of the resistivity in a current sheet, but they do not actually prescribe the process which produces the micro-instability. What is required is a mechanism that will cause a sudden transition from the preonset quasi steady state to the postonset dynamic state. The mechanism which triggers the eruption need not involve a micro-instability. There are models, such as the flux rope model discussed in section 4.3, which use an ideal MHD catastrophe to form a current sheet on a timescale of the same order as the Alfv6n timescale of the system (typically 10-100 s in the corona).
At the present time, there is a general (but not universal) consensus that the onset mechanism involves the release of the free magnetic energy associated with currents flowing in the corona.
However, there is no consensus about the mechanism which releases this energy. Nevertheless, as observations and general interest in CMEs increase, there is every reason to hope that the issue may be resolved within a few years.
